4 )

AD-AQ15 237

THE PRESSURE AND TEMPERATURE EFFECTS ON BRITTLE
TO DUCTILE TRANSITION IN PS AND PMMA

K. Matsushige. et al

Case Western Reserve University

\ /

Prepared for:

Office of Naval Research

5 September 1975

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE

\_ )




Case

3

THE PRESSURE AND TEMPERATURE EFFECTS ON
BERITTLE TN DUCTILE TRANSITION

by

.. Matsushige*, S. V. Padcliffe+, and E. Baer**
, **Oepartment of Macromolecular Science
+Department of Metallurgy and Materials Science
Jestern Reserve University

CTeve]and, NDhio

"DEPARTMENT OF MACROMOLECULAR SCIENCE
SCHOOL oF ENGlNEERING

e

, \\\\\\\" r///

= Reproducad by

- NATIONAL TECHNICAL
" INFORMATION SERVICE

US Dapartmant of Commercn
Sprirglield, VA, 2215!

CASE lNSTITUTE OF TECHNOLOGY

OF

CASE WF.STERN RESEF'WE UNlVERSlTY

IN PS AND PMMA




R vt L. Y s TP L Y TR T MR AR YT IR A L. TR TR TR EILEERANE S A DESTEINYG TReRT T T

N P o =Y
Sismoer et B peritin arvecozmon” - e e iia TR % = o~ IR IO
.

& THE PRESSURE AND TEMPERATURE EFFECTS ON
} BRITTLE TO DUCTILE TRANSITION IN PS AND PMMA

e

by

K. Matsushige*, S. V. Radcliffe+, and E. Baer**
*, **Department of Macromolecular Science
+Department of Metallurgy and Materials Science
Case Western Reserve University
Cleveland, Ohio 44106

Ve i B AR B . i $ i e ;

/,/,f“ I DS~C-07%S

T.R. 2715  KSEP 173 P
b3

*present Address: Department of Applied Science, Kyushu University, % |
Fukuoka, Japan \ ;

o

inllmenier. el




g
]
?

[ P s

synopsls

Tensile experiments in polystyrene (PS) and poly (methyl methacrylate)
(PMMA) conducted at constant strain rate over a wide range of pressure
and tomperature have shown that a brittle to ductile transition is induced
in these anorphous polymers by the superposition of hydrostatic pressure
as well as by the raise of the experimental temperature. A detailed
stress-strain analysis pemits explanation of the mechanism for the
brittle to ductile transition in terms of interaction between two com-
peting processes of plastic yielding -~ crazing and shear banding pheno-
mcna. “he crazing and shear banding processes respond quite differently
to changes of pressure or temperature, causing shifting of the brittle to
ductile transition point to where the craze initiation stress and shear
band initiation stress again became equal. The evidence that the brittle
to ductile transition pressure becomes lower with increasing temperature
refutes a previously suggested concept that the transition relates pri-

marily to mechanical reclaxation phenomena.
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INTRODUCTTON

The mechanical behaviors of polymers as well as other materials
are well known to e af focted with a great degree by the changes of
experimental conditicns and sample preparations. An altemation in
fracture modes fram brittle to ductile with increasing tamporatwe is
om» of the most significant cases and many aspects on the brittle to
ductile transition in polymers have been studied extensively from its
practical importance, Vinccntl'2 made considerable cfforts to examine
the effects of strain-rate and basic materiai variables such as molecular
weight, carystallinity, additives, crosslinking, side-groups, and mole-
cular oricntation on the brittle to ductilec transition tamperaturc.

In spite of abundant information on factors which influence the
brittle to ductile transition, the mechanism of the transition itsclf
has beon understoed only tragmentarily. In the most casesl_B, the brittle
to ductile transition phenumenon in polyners has been explained pheno—
menologically on the basis of Ludwick4 -Davidenkov and Wit tman® hypothe-
sis, which was originally suggested fram the study of the same transition
in metals, and which assumes that the brittle fracture and plastic flow
are indepondent processes and the brittle fracture stress and the yield
stress become cqual at the transition tamperature. Therefore, in this
concept no microstructural features such as the crazing(s"7 and shear
banding phcnamnas, which have been recently recognized to be the most
resnonsible for the fracture process in glassy polymers, have been con-
sidered at all. Another disputant point in the polymer transition
phenamenon is on the relationship between the brittle to ductile transi-

tion and the mechanical relaxation phenamena.  Several .aut:.}'orsg‘-11 have
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Suggested that the brittle to ductile transition always occurs ncar a
glass transiticn tamperature or a lower temperature-rcelaxation tompoera-
ture if the polymer exhibits more than one mechanical relaxation. These
relationships, however, have been proved not to have a general validity
since sane polymers arce obscrved to be ductile at the tomperature even
lower than the lowest tamperature-relaxation tatpuraturel. 11 addition
to this temperature-induced transition, it has been demonstrated for
several paolymers that an increased pressure at oonstant tamperature can

likowise induce a transition from brittle to du:tilelz-m.

In recent publicatiors”’ 18

. we have rcported quantitative studies
of the way in which superposition of hydrostatic pressure induces the
brittle to ductile transition in amorphous polymers of polystyrene (PS)
and poly (methyl methacrylate) (PMMA) at roam tamperature. Based on the
detailed stress-strain analysis in this work, it was suggested that the
interaction of the plastic deformation processes of crazing and shear
bands appears to be the essential mechanism of the brittle to ductile
transition phcnamenon. Thus, clarification of the pressure dependence
of these proarsscs is likely to lead to greater understanding of tle
transition than is fram the mechanistic viewpoint of the Ludwick-
pPavidenkov and Wittman hypothesis. The main objectives of the present
study are to present more extensive data on the cffects of experimental
prossure and temperature on the brittle to ductile transition point in
PS anl PMMA and to investigate further the general mechanism and/or
factors governing the transition phenameron. Tne relationship between
the brittle to ductile transition and mechanical relaxation phenamena

will also be discussed.
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As the detailed explanation of the high pressure-tensile apparatus,
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specimen guoametry, and the procedure to obtain true stress-strain curves

have already been dome in previous publicaticmsl?—lg, only the ossentials

g e

and same madifications will be described here.

The materials stulied in this study, PS (from the low Chemical Co.)
and PMMA (fram Cadillac Plastic and (hemical Oo.), were obtained com-
morcially in the form of extruded rods. All the tensile specimens were
machined directly fram the as-received rads and the surfaces were care-
fully rolished along the gauge lemgth to minimize possible surface of fects

in mechanical behaviors. The overall specimen length was 2.40 inch and

the reducexd gauge section with 1,50 inch R groove was 0,12 inch in dia-
meter. Aftor polishing, the PS specimens were anncaled following the
method of Bailcyzo. Finally, surface of the gauge section was scaled
with Teflon tape and covered with a transparent silicon rubber i order
to prevent possible environmental effects due to the surrounding pressure-

trangmitting fluid or tamperature oontrolling medium,

R i SRR B 0k ¢ SR IS ol

The apparatus used for the tensile experiments at atmospheric pres-
sur¢ was an Instron machine furnished with a tamperature control-chamber
which was filloed with silicon oil as a medium, ™3 perform the high pressure-

measurements at different tomperatures, the high pressure-tensile appara-

tus was exquipped with a temperature-control jacket. The test tempera-
ture in the hoth cases was measured with a thermocouple positioned less

than 0.3 inch from the tensile specimens, and was controlled within

R L TR

1.5°C fluctuation Jduring the xperiments. All the tepsile tests were

conducted at constant strain rate of ahout 1.30 %/min.
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RESITLTS AND ANALYSIS

Brittle to buctile Transition at Atmogpheric Pressure

The tensile experiments on PS and PMMA were carried out over tix
tomperature ramge fram -10°C to 105°C at atmospheric pressure. The tom-
perature effocts obgerved on the stress-strain behavier are shown in
Fig. 1 far PS and in Fig. 2 for PMMA, respectively. In the case of PS,
a drastic clharge in the stress-strain cwrve appears about 90°C. The
stress-strain curves of the gpecimens tested below 80°C are characteristic
of the dovelogment of the process of crazc—yieldingzl. In this process
an extensive growtﬁ of crazes across the gawge length of specimen occurs
beyod a critical level of stress (the braak in the curve) and the speci-

»ns fracturce at very low strain and perpendicular to the tensile direc-
tion, In PS it is noticeable that the fracture strains and stresscs
decrease with increasing tamperature.  In the ootical microsoope, Uw
well-developad crazes could be observed on the fracture surface and
the adjacent side-surfaces. In oontrast, the stress-strain curve at
90°C shows a distinct yield point and the specimen exhibits a necking
and further cold=drawing. At 97°C, the specimen deforms un.formly
without the neck formation similar to rubber-like materials. For all
the specimens defofmed a or above 90°C, no craze formation could be
obscrved on their side-surfaces.

In the case of PMMA, the charge of fracture made from hrittle to
ductile oocurs mucin less discontinuously in the vicinity of 50°C, as
shown in Fig. 2. Differing from the case of PS, the fracture strain
of PMMA in the brittle fracture region increasss gradually with tempera-

ture. Further, the stress-strain curves do not exhibit craze-yielding,
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coinciding with the optical obscrvation that only a few and undeveloped

crazes could be detected on the side-surface of the fractured specimens.
To clucidate the mechaniam of the brittle to ductile transition,
the observed stress-strain curves have been further analyzed in the fol-
lowing manner. Figure 3 shows schomatically typical stress-strain curves
for brittle and ductile fractures. In general, hrittle fracture is con-
sidered to occur when a specimen fails at its maximum load (at strains
less than, say, 0%, in order to exclude m)::):>ers)1 but we expand this
definition so as to include the case of craze-yielding in PS, since there
the fracture is caused by the propagation or development of existing
crazes, not shear bands, and its fracture strain is less than 3%. For
both brittle and ductile fractures, the stress-strain curves show a
departurc fram lincarity as indicated by arraws in the figure. Fram Uw
simultancous obscrvations of the stress-strain and optical behaviors, we
and other resrarch groups have reported that the onset of non-linearity
on the stress-strain cuxve is acoompanied by the initiation of crazes

18,21,22 or by the initiation of shear

6,18,23

in the hrittle fracture region
bands in the ductile fracture region Thercfore, we define the
corresponding stresses as the craze initiation and shear band initiation
stresses, respectively.

As shown in Fig. 4, PS exhibits the essentially same temperature
dependencies for both the craze initiation and fractwe stress curves
in the brittle fracture region. A similar correlation can be scen for
the set of shear band initiation and yield stresses in the ductile
fracture region. However, these two sets of curves show quite different

tanperature dependencies and, furthermare, they intersect in the
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tumperature roagion whare the brittle to ductile trangition was observed.
Another charactaristic point in Fig. 4 is that the craze initiation stress
shows a substantial lowering around 35°C and the temperature dependoency
becanes much higher above that tamerature.  laward et .:\1.24 obscrved
similarly the irregular tamperatwre dependence of the craze initiation
stress in PS at the same temperature range (sce Fig. 3 in Ret. 24),
although they did not notice this phenamenon. The possibility that this
irregular behavior might relate to the -relaxation in PS will e dis-
cussid later.

For PMMA the tamperature dependencies of these various stresses are
shown in Fig. 5, Similar to the case of PS5, the curve of craze initiation
stress intersects with that of shear band initiatlon stress at the rittle
to ductile transition tamperature. Howover, the tamperature dependencies
of these stresses above and below the transition do not show much dif-
ference and the shear band initiation stress in the brittle fracture
rogion estimatad by the extrapolation of the curve seams to be only 10
to 20% higher than the observed ~raze initiation stress. From the combina-
tion of this estumation and the reported fact6'7 that the crazes produce.
highly stress-concentratad portions at the craze tips, it is reasonable
tn doeduce that the shear band initiates just after the ogcurrence of
craze formation in this tamperature region of 40 to -10°C and thus
supresses the further develomment of crazes, This phenamenon might be
the reason why PMAA shows only a fow crazes and does not exhibit the
craze-yielding on the stress-strain curves typical of PS.

It is noticeable that the brittle to ductile transition tomperatures

observed in this study, which agree well with the reported transition
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25 3,26

tanperatures of 90°C for PS™~ and 40-45°C for PMMA , are iocated very

closely to the a-relaxation temperaturc of PS and r-=cne of PMMA, respec-

9-11 tat thase twopalymers

tively. As a consaquence, it has been suggested
are goad examples of a clear corrclation between the brittle to dwctile

transition and these mechanical relaxation phenamena.  Howover, it will

pp— N LT At L L

be proved in the next section that this good correlation does not exist

Lkl

for eithor polymer when they are testad under a hydrostatic pressure

awirament.

Pressure and Temparature Dependencies on the Brittle to Ductile
Transition

17,18

As has been reportod ,» the superposition of hydrostatic pressur: ﬂ

on the tensile specimen can induce a brittle to ductile transition at
roan tanperature. Fiqure 6 shows the pressure cffects on the stress-

strain curves of PS tested at constant temperature of 31"(_23'7e The ‘rac-

ture mode of PS changes fram brittle to ductile between 0.3 kb and 0.4 b,

while the Young's modulus increases almust continuwously with pressure.

The stress-strain curves were analyzed in the manner described in the pre-

¥ LAY GER oM BT B PG [T TR | JONEIR ST Syt e e

stresses are shown in Fig. 7. Although at atmospheric pressure ‘the craze
| initiation stress is much lower than the shear band initiation stress,

| the superposition of hydrostatic pressure raises the stress nccessary
for the onset of crazing more rapidly than that for the onset of shear
band formation and these two stresscs becane equal at the brittle to

ductile transition pressure. Quite similarily, PMMA has been proved to

-~y

y - exhibit its brittle to ductile transition between 0.2 kb and 0.3 kb at

23°c8,

,
;
;
¢

‘ ceading section amd the obtained presswe dependencies of characteristic '




The above obsarvat wons Jumonstrate that the brattle to ductale
transition in anorphous polymers can be induces? eithor by the raising
o expar inental tuamperature or by the saperposition of hydrostatic pres-
swre.  fowever, o docper knowledye of hew these two individual plermena
are connected 1o aach othar is mo! immediately apparent.  In tus regard,
to investigate how the experimental tamperature affects the brittle to
duct ile transition pressure offors a possible apgroach to understand the
tundanental mechaign controlling the brittle t ductile transition
phenanonon in gorptods polymers, To study thee terporature effocts on
Uy mechanical bmviors in S oand PMA uder pressare, tee teneale
experiments have boen carricad out under pressure and at various tagpera-
tures of 5, 29, 31, 40 and %0°C for 'S ad =10, 5, 23, 30, arxd 40°C for
VA

e pesilling prossure of focts on the stroge-strain curves of IS at
5°C are shown and camparad in Fig. 8 with those for specumens testad at
the higher tamperature of 40°C. 1t 1s olwicus that the ineasc of the
expermental tanporature lowrs the trattle to ductile transition pre--
sire as well as the characteristic stresses, such as fry® Lo stress and
yirld stress, and also the Youny's modulus. At 5°C, 5 froctures 1n a
brittle mannor un to 0.8 kb, but the fracture mode changes to ductile
above 0.9 k.  As the tumperature is rawsed, the brittle w ductile
transition prossurc becomes lower and lower, and the transition appears
Lotwroa 9.4 kb and 0.5 kb at 40°C.  Similar temperature effects can be
also observed in MW, as shown in Fig. 9. PMMA oxhibits the brittle to
ductile transition between 0.3 kb and 0.4 kb at -10°C, while the transi-
tion appears below 0.1 kb when the tensile exprr iments are performed at

nirther * «ypecature of 40°C.
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The stress-strain curves of the specimens tested under pressure and
< ac different temperatures have been analyzed and the pressure dependencies
of the craze initiation and shear band initiation stresses at various tem-
peratures are shown in Fig. 10 for PS and in Fig. 11 for PMMA, respectively.

It is again noticeable that the two curves for the craze initiatien and

shear bard initiation stresses intersect at the hrittle to ductiie tran~

. sition pressure irrespective of the test temperature for the hoth cases

of PS and PMMA.

Based on the data given in Figs. 10 and 11, the pressure and tem-

1
el O\ RAEE

perature dependencies of craze initiation stress (do cj_/dP and dcci/dT) and

those of shear band initiation stress (dcsb/dP and dosb/dT) are calculated

B . Xt TSI DT R

ard the values are listed in Table I. Since these values vary with the
g tamperature and/or pressure, the table lists the values averaged over the
‘ examined tamperatwre and/or pressure regions. Fram the camparisons of
the data on the pressure and temperature deperdencies, it is apparent i
that craze formation is much more suppressed by the increase of the
superposed pressure than is shear band fomation (i.e. (doci/dP) /
(dcsb/dP)>l) . In contrast, increased temp:rature affects shear band
initiation process more strongly than crazing (i.e. (dcci/dT)/(dosb/dT)d) .
. These results demonstrate that the crazing and shear banding phenanena
have different sensitivities to the chamges in envirommental pressure and
temperature, which is in keeping with the view that very different rather
. than similar super molecular processes are involved in these two pheno-
mena. This point is examined further in the n~xzi. section.

L g Figure 12 shows the tamwperature deperdercies of the brittle to
F .

ductile transition pressure obtained fram the stress-strain measurements.
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Both polymers ~- PS5 and ™MMA -~ show a similar general trend in that the
brittle to ductile transition pressure becames higher with decreasing
tanwperature. This tamperature dependency of the transition pressure,
however, is the inverse of that expected fram the concept that the hrittle
to ductile transition relates to mechanical relaxation phenamena, hecause
the temperatures of both the mechanical a~ and B-relaxations are known

to became higher with increasing pressure, The reasons for this dis-
crepancy and for the irregular temperature dependency of the transition

pressure observed in PS around 40°C, will be discussed in detail in the

next section.
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DISQUSSION

Fram the tensile experiments of PS and PMMA under the wide range

of pressure and temperature performed in this study, the following
general features may be attributed to the brittle to ductile transition
phencmenon in amorphous polymers: (1) The pressure dependence of the
craze initiation stress is considerably higher than that of the shear
band initiation stress. (2) The taemperature dependence of the craze
initiation stress is considerably lower than that of the shear band
initiation stress. (3) The two curves of the craze initiation stress
and the shear band initiation stress intersect at che point where the
brittle to ductile transition (whether pressure or temperature) is
observed and the craze initiation stress always becomes higher than the
shear band initiation stress above this transition point. (4) The
brittle to ductile trarsition pressure becames higher with decreasing
temperature, and oonversely the transition temperature becames lower with
increasing pressure,

While the items (1) and (2) suggest that the crazing and shear
banding phenomena have gquite different formation mechanisms, Brady and
Yeh27 have reported that there exist several similarities between the
craze morphology and shear hand morphology in PS. However, the fact
that the superposition of hydrostatic pressure affects the crazing more
than the shear banding is in accord with the well-established difference
in their formation mechanisms whereby the crazing involves void forma-
tion but shear banding essentially does not. Moreover the larger tem-
perature dependency of the shear banding over the crazing implies that

the molecular motions associated with the banding, such as molecular

SR 200y
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slidirg23, can be enhanced by the increase in temperature much more
than the molecular motions for craze formation.

From the item (3), a satisfactory explanation can be deduced for
the general mechanism of the brittle tc ductile transition phenamenon,
whether the transition is induced either by the increase of temperature
or by the superposition of pressurc. The explanation is simply that the
material fractures in a brittle manner if the crazes can initiate at
lower stress level than the shear bands at the test conditions of tem~
perature and pressurc. 1f they cannot, the fracture mode will be duc-
tile because the shear bands that form before the initiation of the
craze function so as to suppress the initiatian of new crazes or propaga-

tion of existing crazes2®30

which normally lead the specimen to the
brittle fracture. Thus, the competition of and interaction between the
crazing and shear banding play a particularly important part in the
brittle to ductile transition phendamenon in amcrphous polyrers.

Further, this concept of the transition mechanism provides the
answer as t.o why the temperature dependencies of the brittle to ductile
pressure in PS and PMMA differ from that expected from the idea that the
transition relates to the mechanical relaxation phenomena. As described

above, the brittle to ductile transition phenamenon is caused by the

interaction between two independent plastic deformations of crazing and

shear banding, and is not due to a direct effect of the mechanical rela-
xation motions. Therefore, the brittle to ductile transition point
depends upon how the changes of pressure and/or teamperature affect the
craze initiation and shear band initiation processes and hence shift the

intersection point of the initiation stresses for these two processes.
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In this regand, there exists no rcason to expect the brittle to ductile
transition to shift with the changes in pressure and/or temperature so
as in the same manner as do the mechanical relaxation processes.

Despitc this absence of a direct effect of relaxations on the brittle
td ductile transition, there are same secondary or indirect effects in
the case of the p-relaxation in PS. As shown in Fig. 12 and more clearly
in Fig. 13, the brittle to ductile transition pressures in PS ‘change
irreqularly with decreasing tarperature around 40°C. At atmospheric
pressure, the craze initiation stress curve of PS showed the irregular
lowering around 35°C (Fig. 4), which is very close to the reported f-
relaxation temperature range of 25—60°C3l. Further, Boyer32 found from
the analysis of Maxwell and Ralm's dat:at33 on the crazing that the apparent
activation encrgy of the f-relaxation in PS agrees with the activation
cnergy for the crazing. Therefore, above the R-relaxation temperature,
if this p-relaxation rcally enhances the formation of crazes in PS, it
could be expected that the stress necessary to initiate crazes will
become substantially lower and hence brittle fracture will be more favored.
Naturally, the brittle to ductile transition phenamenon under pressure
will be also influenced indirectly by the existence of such &-relaxation
and the pressurc necessary to induce the transition will become discon-
tinuously higher in order to campcnsate for the substantial lowwering in
the craze initiation stress. As demonstrated in Fig. 13, where the pres-
sure dependency of the g-relaxation temperature is assumed to be about
4°C/kb, (by analogy with m“) the discontinuous increase in the brittle
to ductile transition pressure is actually observed at the region where

the transition curve meets with the g8-relaxation curve. Thus, the

L N AL RS AT, BT v o “Nadon. A RRIRANY A

e e

LR PRSP T & |



f ' : & R R R AN A P A BT g, 5% 2 L ¥V AT R, S -y : oo BN

- 14 -

1 hypothesis that the r-relaxation in PS lowers the craze initiation stress
and indirectly affects the brittle to ductile transition process can
explain simultanecusly the both experimental facts of the irregular
i lowering of craze initiation stress observed at atmospheric pressure and
the irregular region of the temperature dependency of the transition
pressure.

In contrast to PS, the pressure-temperature characteristic for PMMA

N : : do not show irregularities, despite Boyer32

interpreted that the g-
' relaxation in PMMA is also associated with the crazing phenamenon. The

experimental results, however, do not give any distinct evidence for a

relationship between the g-relaxation and the craze initiation stress

.curve ard/or the brittle to ductile transition curve in this polymer.

TR T Y AT S e T
——

Rather, PMMA cxhibits at atmosphcric pressure its brittle to ductile

o

transition at about 45°C near to the reported g-relaxation tenperatures35'36.

It is possible that this near coincidence of the latter with the transi-

e .

tion temperature at atmospheric pressure, is preventing experimental

3 observation of its effect.
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CONCLUSIONS

Tensile experiments on PS and PMMA conducted over a wide range of
pressure and tawperature have shown that the brittle to ductile transi-
tion in these amorphous polymers is strongly affected by both the pres-
sure and by the temperature. By using detailed stress-strain analyses,
the pressure and temperature dependencies of the craze initiation and
the shear band initiation processcs were elucidated as the fundamental
processes controlling the mechaniam of the brittle to ductile transition.
The major conclusions of this study may be summarized as follows:

(1) Pressure affects the craze initiation stress considerably
more than the shear band initiation stress. However, temperature acts
in exactly the opposite manner.

(2) These two initiation stresses beocame ogqual at the brittle to
ductile transition pressure arxd/or temperaturc, suggesting that the
transition is induced hy the interaction between campeting micro-plastic
deformation processes -- crazing and shear banding.

(3) The hrittle to ductile transition pressure decreases with
increasing tamperature due to the quite different pressure and tawpera-
ture dependencies of the craze initiation and the shear band initiation

stresses.

(4) This transition is not dependcnt on mechanical relaxation

phencamena.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

FIGURE CAPTIONS

Effect of tamporaturce on the stress-strain behavior of PS at

atmospheric pressurce,

Effect of tempcrature on the stress-strain behavior of PMMA

at atmospheric pressure.

Typical stress-strain curves for the brittle fracture without

(PMMA) and with craze-yielding (PS) and the ductile fracture.

An inflection point on the stress-strain curve for the brittle

fracture corresponds to the craze initiation point. That for

the ductile fracturc corresponds to the shear band initiation

point.

Tenperature dependencies of the craze initiation, shear band

initiation, fracture, and yield stresses in PS. Arrow BD

indicates the brittle to ductile transition point.

Temperature dependencies of the craze initiation, shear pand
itiation, fracture, and yield stresses in PMMA. Arrow BD

indicates the brittle to ductile transition point.

Effect of pressure on the stress-strain behavior of PS at

31°C.

Pressure dependencies of the craze initiatian, shear band

initiation, fracture, and yield stresses in PS at 31°C.

Arrow BD indicates the hrittle to ductile transition point.

Effect of pressure on the stress-strain behavior of PS at

different tamperatures of 5°C and 40°C.

Effect of pressure on the stress-strain behavior of PMMA at

different temperatures of -10°C and 40°c.
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Fig. 10.

Fig. 1l1.

Fig. 12.

Fig. 13.

Table I.

Pressure dependencies of the craze initiation stress and the
shear band initiat: >n stress in PS at different temperatures
of 5, 20, 31, 40, and 50°C.

Pressurc dependencies of the craze initiation stress and the
shear band initiation stress in PMMA at different tamperatures
of -10, 5, 23, and 40°C.

Tempurature dependcencies of the brittle to ductile transition
pressure in PS and PMMA.

Influence of the f-relaxation on the temperature dependency

of the brittle to ductile transition pressure in PS,

Camparison of the pressure and temperature dependencies of
the craze initiation stress (¢,,) and the shear band initia-

tion stress (o sb) in PS and PMMA.
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Temperature dependencies of the craze initiation, shear
band initiation, fracture, and yield stresses in PS.

Arrow BD indicates the brittle to ductile transition point.

s

o R KA




e

1 } 5
: i
] | i
3 ._ 24 ]
| PMMA - _3
_k [ 20} At 1 bOf 4 Craze | ,;
; E & Shear Band -;
| = ® Fracture '%
| X~ 16t O Yield .;
| T e 2
b N o
t (7s] 12k .\ ?
} n 12 S %
‘ - \-. -
g o
\ = SF\A\ \
! (V] A\“ O“s
E ~—a N
r \K o
O
BD A 4
o) 1 1 1 1 | l\ pod

200 0 20 40 60 80 100 120 ?
TEMPERATURE (°C) ’

Figure 5. Temperature dependencies of the craze initiation, shear band
initiation, fracture, and yield stresses in PMMA. Arrow BD
indicates the brittle to ductile transition point.




ae n NI, G &,'::‘,‘,"“'tb,;: j i

30

25

'z 20
(Vo)

5
i
oc
-

=10

S

0

Figure 6.

PS
- Af 3]°C 4.0 kb
3.0 kb
] 2.0 kb
1.0 kb
/j 0.4 kb
| bor
0 2 4 6 8 10
STRAIN (%)

Effect of pressure on the stress-strain bchavior of PS

at 31°C.

W SRR D SRR ST R SRR

aliltadiiey




3
1
E
J

o

=t RSP TYETPIPOT T Ty T O] LI,

AR

T R L AP RT DR TP -

PELN L Y

[y

30 : , 60

>
“
no

{ ksi
o
O

20

T

STRESS
\O\o
'Q
D

. o0
> A
e SO 4
lo—#"
/2‘ A Craze
*/ A& Shear Band
® Fracture
o Yieid
0 1 L ? 1
0 1 2 3 4

PRESSURE (kb))

Figure 7. Pressure dependencies of the craze initiation, shear band
initiation, fracture, and yield stresses in PS at 31°C.

Arrow BD indicates the brittle to ductile transition point.

=5

i 1 NS BRI, 5SS

-

Lo BT 2y

y
—




*J.0F PUB D0§

30 samjeradus) JUSISIITP 3@ Sd IO IOTARUR] UTRIIS-SSISIIS B3 UO smssaad Jo 309333 '8 aanbid

Nividls

0

a5 e At P . e, W

Sl

o LD Sl b WDy KIS s S k1) O 1 B DA srgd AR T u

. R

S

w

-

oL A

m

w

W
Gl

r

©v.

%6 —— 19—

Sd

SC




*J,0F PUe Do 01— 3©
samjetadup; JUSISIITP I® WWAd JO IOTARUS] UTeI}S~-SSaI3s a3 uo axnssaad Jo 30933 *6 SIMBIJ

NIVidLlS

- r——— TR .

o
S
(7]
-
ot
m
W
w
St
>
2.
0T —
ST




A Craze
A Shear Band

_ (ksi)
| § 0 5 10 15 20
. ‘ T | T T
| X ._
1 W ]
: > 208 i
1 i l5 B " A -~ 200
E A/A —b 31
] ] S e
‘ o
‘ 7,
F
ﬁ
f

L 00 03 06 09 12 15

PRESSURE (kb)

, Figure 10. Pressure dependencies of the craze initiation stress and
¢ the shear band initiation stress in PS at different tem-
12 peratures of 5, 20, 31, 40, and 50°C.

Ja '
; LA* l ,




4 a5 mppn

£ 2RI g S S v

-

(ksi)
0 5 ] 5
PMMA
20}
= _ _--10°C
=15} am —27 220
o Ay A _— 40°
o R 3l A"
~
o ]0” /{/A A"A
- ‘§A/ A-
A
St A Craze
A Shear Band

O 1
00 0.3 06 0.9 1.2 1.5
PRESSURE ( kb))

Figure 11. Pressure dependencics of the craze initiation stress and
the shear band initiation stress in PMMA at different tem-
peratures of =10, 5, 23, and 40°C,




3

-

[ e

. O BTN

1.2
..-6
X N\
—_ \
v 09 A
“w \§
w
w : 1.X}
a /
o 06 §
z 3
¢
2 gl b
S SN SR SR
a’ / N\ .
: } \
@ PMMA \
\ \
\ \
0.0 A 1 L O L — 1 Oy
-40 -20 0 20 40 60 80 100
TEMPERATURE (°C)
Figure 12. Temperature dependencies of the brittle to ductile tran-

siticn pressure in PS and PMMA.




-
=

|

G R e

N AT T

1.2

(kb

09

PRESS.

06

0.3

B-D TRANS.

0.0

T
e

1

N

{

g
=

-20 0

Figure 13,

TEMPERATURE

Influence of the a-relaxation on the temperature dependency

20

40

60

O
80 = 100
[ °C

of the brittle to ductile transition pressure in PS.

s AT
-y A Bt o bt 2 i




—nr

e o ———- o - T————— < T 'uq

o S b

AR P

=i

R L

dogg ‘sb dog;  dogp dog;  dogp dooy  dogp
5 (—ap—)/ = XF dar (-a-.l'.—)/ (-H-T—)
PS 11 4 2.7 =-0.2 -1.1 0.18
PMMA 13 6 2.2 -0.5 -0.8 0.63
(ksi/kb) (ksi/®Q)

Table I, Camparison of the pressure and tamperature deperdencies of
the craze initiation stress (-qj) and the shear band initia-
tion stress (v sb) in PS and PMMA.
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